Cadherins constitute a large family of cell surface-adhesion receptors whose differential binding is important for the development and maintenance of tissue architecture 1 . Cadherins have been identified in vertebrate and invertebrate animals and are defined by the presence of extracellular cadherin-like (EC) domains, β-sandwich domains of ~110 residues that contain highly conserved calcium-binding regions 2, 3 . Variations in other sequence features and in the number of EC domains group cadherins into numerous families, including the 'classical' cadherins, which include type I and type II subfamilies, the desmosomal cadherins, the protocadherins and others 3 . The adhesive properties of vertebrate classical cadherins have been thoroughly studied. These class I transmembrane proteins include an N-terminal signal sequence followed by a pre-domain that must be removed by proteolysis to activate adhesive function, five EC domains, a single transmembrane segment and a cytoplasmic domain that contains highly conserved binding sites for catenin proteins, which provide indirect links to the cytoskeleton 4 .
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Cadherins constitute a large family of cell surface-adhesion receptors whose differential binding is important for the development and maintenance of tissue architecture 1 . Cadherins have been identified in vertebrate and invertebrate animals and are defined by the presence of extracellular cadherin-like (EC) domains, β-sandwich domains of ~110 residues that contain highly conserved calcium-binding regions 2, 3 . Variations in other sequence features and in the number of EC domains group cadherins into numerous families, including the 'classical' cadherins, which include type I and type II subfamilies, the desmosomal cadherins, the protocadherins and others 3 . The adhesive properties of vertebrate classical cadherins have been thoroughly studied. These class I transmembrane proteins include an N-terminal signal sequence followed by a pre-domain that must be removed by proteolysis to activate adhesive function, five EC domains, a single transmembrane segment and a cytoplasmic domain that contains highly conserved binding sites for catenin proteins, which provide indirect links to the cytoskeleton 4 .
Intensive research on vertebrate classical cadherins has led to the widely accepted view, supported by data from a number of studies, that adhesive binding by these proteins occurs via a strand-swapped interface in EC1. Crystal structures of the whole EC1-EC5 ectodomain from C-cadherin reveal dimerization interactions between paired ectodomains, oriented as if emanating from apposed cells, between the EC1 domains of each molecule 5 . Nearly identical interactions have been found in numerous crystallographic studies of adhesive fragments from other type I cadherins [6] [7] [8] . Similarly, type II cadherin ectodomain-fragment structures also reveal binding interfaces that are exclusively formed by elements from the EC1 domain 9 . For both type I and type II cadherins, these adhesive binding interfaces are formed through β-strand-swapping, in which the N-terminal A*-strands spatially swap between partner EC1 domains. In type I cadherins, the conserved residue Trp2 anchors the swapped strand, whereas type II cadherins contain two conserved anchor residues, Trp2 and Trp4. The positively charged N termini of both type I and type II classical cadherins form intermolecular salt bridges in the dimeric structures, providing an explanation of the requirement for precise proteolytic processing 6 .
A wide array of data using other investigative methods also supports this structural view. Early domain-shuffling experiments showed that the adhesive specificity (and hence, presumably, the site of adhesive binding) of type I cadherins resides in the EC1 domain [10] [11] [12] . Similar behavior was later shown for type II cadherins both in vitro and in vivo 9 . Single-particle electron tomography reconstructions of desmosomes from human and mouse skin reveal EC1-EC1 interactions, and the strand-swapped dimeric structure of C-cadherin can be fitted directly into these tomograms 13, 14 . Mutagenesis data also provide support for this model of cadherin adhesion. Mutants that alter elements of the strand-swapping interface, including Trp2 in type I cadherins and Trp2 or Trp4 in type II cadherins, and mutations that fill the Trp2 'acceptor pocket' so that a tryptophan side chain cannot be accommodated, abolish cadherin adhesive function [15] [16] [17] . Furthermore, extensions of one or more residues to the mature N terminus, which would prevent salt-bridge formation, also abolish adhesive function 6, 18, 19 .
Despite this compelling data in support of the strand-swap model of cadherin adhesive binding, some uncertainty has remained about the role of other interfaces that have been observed in highresolution structures. Two early crystal structures of recombinant E-cadherin EC1-EC2 fragments, containing small N-terminal extensions derived from the recombinant production method, revealed a nonswapped dimeric association 20, 21 . In these structures, the partner molecules contact one another at a site near the interdomain a r t i c l e s calcium-binding region such that the dimeric assembly of the elongated molecules resembles the shape of an X. For convenience, we refer to this configuration as an 'X dimer'. Once the importance of the strand-swapping mechanism became clear, we formed the incorrect opinion that the X-dimer configuration represented a crystal-packing artifact 9 . However, a recent crystal structure of T-cadherin EC1-EC2, reported in the accompanying paper 22 , revealed an X dimer that superimposes almost perfectly on the previously determined classical cadherin X-dimer structures and is likely to represent the primary adhesive interface of this atypical cadherin. This prompted us to investigate potential roles for the X dimer in classical cadherin function. Here we present data from mouse E-cadherin and cadherin-6 showing that the X-dimer configuration, while apparently providing an adhesive binding interface for T-cadherin, functions as a kinetically important intermediate in the dimerization of classical cadherins by facilitating the conformational transition to the mature strand-swapped adhesive form.
RESULTS

Strand swap-incompetent E-cadherin mutants form X dimers
Two published crystal structures of E-cadherin EC1-EC2 fragments, with one or two additional residues at their N termini as a result of cloning artifacts 20, 21 , revealed protomers arranged in a configuration we refer to here as an X dimer. It was previously suggested that the additional residues at the N termini of those constructs could interfere with the normal strand-swapping mechanism and allow the alternate X-dimer configuration to be observed 4, 6, 18 . To test this, we produced three mutants designed to inhibit strand-swapping in EC1-EC2 fragments of mouse E-cadherin. W2A should prevent anchoring of the strand-exchanged dimer by the Trp2 indole side chain. The Ala-Ala-extension mutant, with an N terminus extended by two alanines, and the E89A mutant should each prevent formation of a salt bridge between the side chain of Glu89 and the N terminus of the swapped strand that stabilizes strand exchange 5, 18, 23 .
Structures of these mutants were determined at resolutions of 2.6, 2.7 and 2.3 Å, respectively ( Table 1 ). All three formed almost identical X-shaped dimers that superimpose with an r.m.s. deviation of <1 Å over all Cα atoms (Fig. 1a) . Each dimer is formed from E-cadherin EC1-EC2 fragments in an approximately parallel alignment with close contacts principally around the EC1-EC2 linker regions. The EC1 domains are closely aligned, with A-strands held adjacent, whereas the EC2 domains extend away from each other, making intermolecular contact at their apex. The resulting dimer has an X-shaped appearance and is essentially identical to the previously published dimers of E-cadherin fragments with extra N-terminal residues 20, 21 , including the specific interactions in the interface (described in Supplementary Text and Supplementary Figs. 1-4) .
We observed no strand-swapping in the mutant structures, despite close apposition of the A-strands. In the W2A mutant, EC1 A-strand residues Asp1-Trp2-Val3-Ile4 were disordered. In the Ala-Alaextension and E89A mutants, these residues (except for Asp1) were resolved, showing Trp2 side chains docked into the acceptor pocket of their own protomer (Fig. 1a) , as was observed previously in other E-cadherin mutants with extra N-terminal residues 21, 24 . Values in parentheses are for highest-resolution shell. E-cad, E-cadherin; N-cad, N-cadherin; Cad-6, cadherin-6.
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We also determined the structure of an EC1-EC2 fragment of wildtype mouse E-cadherin (Fig. 1b) . In contrast to the mutant fragments, the wild-type molecule adopts a strand-swapped configuration that is identical to that seen in previously published structures of human and mouse E-cadherin with native N termini 6, 7 . In comparison to the X dimer, the strand-swapped dimer has a markedly wider angle between protomers that is maintained by intermolecular contacts involving only the EC1 domain, whereas the EC2 and linker regions contribute no buried surface area (Supplementary Table 1) .
To determine whether X-dimer formation by the E-cadherin mutants could be detected in solution, we used sedimentation equilibrium analytical ultracentrifugation (AUC). The results (summarized in Table 2 ) indicate that wild-type protein and Ala-Ala-extension, W2A and E89A mutants all form homodimers in solution. The measured dissociation constant (K D ) for dimerization of the wild-type protein is 98.6 ± 15.5 µM, in agreement with our previously reported measurements 25 . However, all strand-swap mutants dimerized with markedly weaker affinities ( Table 2 ), suggesting that X dimers form with low affinity. We also prepared a mutant of E-cadherin EC1-EC2 with a deletion of two N-terminal residues ('Asp-Trp deletion' mutant), which cannot strand-swap because the entire swapped structural element is absent. AUC analysis showed that this mutant dimerizes with an affinity similar to those of the W2A and Ala-Alaextension mutants ( Table 2) .
These results suggest that E-cadherin adopts an X-dimer configuration when swapping is prevented, regardless of the mutation used. Further, K D for the X dimer is weakened by a factor of 3 to 10 compared to the strand-swapped dimer.
A type II cadherin strand-swap mutant forms X dimers To determine whether X-dimer formation is a feature of classical cadherins shared by members of the type II subfamily, we examined a strand-swap mutant of cadherin-6. Cadherin-6 is a typical member of the type II classical cadherin subfamily and is >60% identical to cadherin-8 and cadherin-11 in its EC1 domain. Type II cadherins form adhesive dimers via an EC1-EC1 interface in which swapped A*-strands are anchored by insertion of the side chains of Trp2 and Trp4 into the partner-molecule core 9 . Although we were unable to produce crystals of wild-type cadherin-6, its high similarity to other type II cadherins and the conservation of Trp2, Trp4 and residues lining the hydrophobic Trp acceptor pocket suggest that it binds via the same strand-exchange mechanism (Supplementary Fig. 3) .
We introduced the mutation W4A into an EC1-EC2 fragment of mouse cadherin-6 to prevent strand-swapping. This mutation has previously been shown to disrupt adhesion mediated by another member of the type II subfamily, VE-cadherin 16 . The structure of W4A cadherin-6 determined at 2.8-Å resolution is shown in Figure 2a . Four cadherin molecules are present in the crystallographic asymmetric unit, arranged into two essentially identical dimers. The dimer is X shaped, with protomers held approximately parallel, and has an interface centered on the EC1-EC2 linker region with contribution from regions of EC1 and the apex of EC2. The cadherin-6 W4A dimer superimposes remarkably well on the X-dimer conformation seen in strand-swap mutants of E-cadherin (see above and refs. 20, 21) and in T-cadherin 22 
(see Supplementary Text and Supplementary Figs. 1-4).
For comparison, a structure of the closely related wild-type type II cadherin-11 (ref. 9), which forms a strand-exchanged dimer, is shown in Figure 2b . The swapped interface involves only the EC1 domains and has a wider angle between protomers than that for the mutant cadherin-6 X dimer (Supplementary Table 1 ). The EC1 domains themselves are also at a markedly wider relative angle in the strandexchanged dimer (105° compared to 35° in the X dimer).
Details of the W4A cadherin-6 X-dimer interface are shown in Figure 3a . The interface buries 2,496 Å 2 and 2,692 Å 2 of surface area in the two dimers in the crystallographic asymmetric unit, in the same range as the strand-swapped dimer, which buries 2,696 Å 2 in cadherin-11 (Supplementary Table 1 ). The interface can be divided into three main regions. First, the AB loop in EC1 is closely apposed to the BC loop in EC2 of the partner molecule, where the Thr14 side chain forms hydrogen bonds with backbone oxygens of Thr137 and Pro136. Second, the EC1-EC2 linker regions are in close parallel contact in the dimer, with the Ile99 side chains of both protomers a r t i c l e s contributing buried hydrophobic surface to the interface. Third, the FG loops at the apex of EC2 of both protomers are apposed. Hydrophobic side chains of Met188, Met192 and Leu195 are buried in this region. Intermolecular hydrogen bonds are also formed between the backbone of Met192 and the Ser196 backbone nitrogen as well as to Asp101 (backbone oxygen) and Gln103 (side chain) in the linker. It is notable that not all interactions are satisfied on both sides of the dimer, owing to slight asymmetry, which may arise from crystal packing forces.
As is the case for the X dimers of E-cadherin described above, EC1 domains in the cadherin-6 W4A dimer are oriented with their A-strands in close apposition (Fig. 3b) . Electron density is observed for the complete A-strand of only one protomer in each dimer, whereas the strand is disordered in the other through Met3. No A*-strand exchange occurs between protomers; instead, the side chain of Trp2 in the ordered A-strand is inserted into the hydrophobic core of its own protomer. The mutated residue (W4A, cyan) does not dock into either protomer. Notably, although A*-strands are not exchanged in X-dimers of either cadherin-6 or E-cadherin, they are positioned close to the partner hydrophobic cavity, suggesting that the dimer could in principle help to enable strand-swapping.
Sedimentation equilibrium AUC analysis revealed that the cadherin-6 W4A mutant forms homodimers in solution and that the X dimer, as observed for E-cadherin, has a substantially weaker affinity than the strand-swapped dimer formed by wild-type cadherin-6 ( Table 2) .
X-dimer mutations abolish cadherin binding in SPR assays
Our structural studies established that X dimers are formed when strand-swapping is prevented by mutations in type I and type II cadherins. To determine whether the X-dimer interface has a functional role in cadherin adhesive interactions, where strand-swapping occurs, we introduced mutations designed to prevent X-dimer formation in otherwise wild-type E-cadherin and cadherin-6 EC1-EC2 fragments.
In E-cadherin, we mutated Lys14, which forms an intermolecular salt bridge with Asp138 in the X-dimer interface ( Supplementary  Fig. 2c ), to glutamate (K14E mutant). Reversal of the charge on Lys14 should introduce electrostatic repulsion with Asp138 and disrupt X-dimer formation. By contrast, in the strand-exchanged dimer, Lys14 is 20 Å distant from the partner protomer, is solvent exposed and does not participate directly in binding.
For cadherin-6, we changed Met188, which is conserved in character in type II cadherins, to an aspartate (M188D mutant). The nonpolar side chain of Met188 projects into the interior of the X dimer ( Fig. 3a and Supplementary Fig. 2j ). Introduction of an unpaired charged side chain was therefore predicted to disrupt X-dimer formation. In the strand-swapped dimer structure of cadherin-11 (ref. 9), residue 188 is solvent exposed and 7 Å from the partner protomer, so the mutation should specifically affect only the X dimer.
We assessed the effects of these mutations on cadherin adhesive interactions using surface plasmon resonance (SPR) assays. We captured C-terminally biotinylated wild-type and mutant cadherin 
fragments on neutravidin-coated sensor chips, resulting in cadherin surfaces oriented with the functional EC1 domains exposed. We tested untagged wild-type and mutant cadherin fragments for binding to the cadherin surfaces over a time course of 1 min. Because cadherins self-associate, a quantitative SPR analysis was not possible 25 , so we used SPR experiments only to assess relative binding (see Online Methods).
Wild-type E-cadherin EC1-EC2 showed specific binding when injected over wild-type E-cadherin EC1-EC2 captured on the sensor chip (Fig. 4a) . In contrast, K14E mutant did not bind to the same surface when tested over the same concentration range (Fig. 4b) . In a similar experiment, we detected no binding between immobilized K14E mutant and either wild-type protein or K14E mutant (Fig. 4c,d) .
Similar results were observed for the X dimer-inhibiting mutation in cadherin-6. Wild-type cadherin-6 EC1-EC2 bound to wild-type cadherin-6 EC1-EC2 tethered on the sensor chip (Fig. 4e) . Its M188D mutant, however, failed to bind to the wild-type protein whether it was used as the analyte (in the solution phase) or the ligand (tethered) (Fig. 4f,g ). When we used the M188D mutant as both the analyte and the ligand, we observed a severely diminished binding response of <10 response units (RU) (Fig. 4h) .
Together, the SPR data show that prevention of X-dimer formation by our mutations abolishes binding interactions of E-cadherin and cadherin-6. This is an unexpected finding, as cadherin binding is mediated by the strand-exchange mechanism, which should not be affected directly by these structurally designed mutations.
Dimerization affinities in AUC are unaffected by X-dimer mutations
In a complementary approach, we used sedimentation equilibrium AUC to measure homodimerization of the X-dimer mutants and wildtype cadherins. The proteins were allowed to establish a monomerdimer equilibrium in solution throughout a ~20-h centrifuge run. This is a thermodynamic method, which is unaffected by kinetic or hydrodynamic factors 26 .
Unexpectedly, AUC results for the X-dimer mutants of E-cadherin (K14E) and cadherin-6 (M188D) were almost indistinguishable from those obtained from the respective wild-type proteins (Fig. 4i,j) . Both dimerized with K D values comparable to those of the nonmutated proteins ( Table 2 ). In comparison, mutations affecting strandswapping had marked effects on homodimerization affinities, as reported above (Fig. 4i,j and Table 2 ).
These AUC data indicate that the thermodynamics of cadherin homodimerization are not substantially affected by the X-dimer interface mutations. This is consistent with the observation that the mutated residues are far from the dimerization interface in the mature strand-swapped structures. As a consequence, the marked effects of the same mutations in SPR assays cannot be attributed to lowered affinity of the strand-swapped dimer. Given the short time scale of SPR experiments in comparison to equilibrium AUC (minutes versus hours), we reasoned that differences in the kinetics of homodimerization between the mutant and wild-type proteins might underlie the differing character of results from these two methods.
Monomer-dimer exchange slowed in X-dimer mutants
To investigate whether dimerization kinetics were altered in the X-dimer mutants, we used sedimentation velocity AUC. Unlike equilibrium AUC, this method does not require that equilibrium between sedimentation and diffusion be established during the run. For this reason, the time scale of the experiment is shorter (~45 min) and the technique is sensitive to dimerization kinetics. Previous studies 27 have described theoretically the sedimentation velocity behavior of monomer-dimer equilibria with 'fast' or 'slow' kinetics. Broadly, fast equilibria, in which substantial exchange between monomer and dimer occurs within the time scale of the experiment, sediment as a single species representing a mixture of monomers and dimers in rapid exchange. Equilibria with slower kinetics, such that little exchange occurs during the experiment, show sedimentation of two distinct species representing monomers and dimers 'trapped' in their current state.
We compared wild-type and X-dimer mutant (K14E) E-cadherin EC1-EC2 fragments using this method (Fig. 5a,b) . Wild-type E-cadherin fragments sedimented as a single species with S ~ 1.8 (Fig. 5a) . to an E-cadherin-immobilized surface. In the same experiment, soluble E-cadherin (c) and E-cadherin K14E (d) were tested for binding over an E-cadherin K14E-immobilized surface. Interaction of soluble cadherin-6 (e) and cadherin-6 M188D (f) was tested over a cadherin-6-immobilized surface. In the same experiment, binding of soluble cadherin-6 (g) and soluble cadherin-6 M188D (h) with immobilized cadherin-6 M188D was also tested. All proteins were tested at a concentration range of 100 µM (top trace) to 0.39 µM (bottom trace).
(i,j) Sedimentation equilibrium AUC experiments showing similar sedimentation profiles at equilibrium for wild-type and K14E E-cadherin (i) and for wild-type and M188D mutant cadherin-6 (j). Profiles of stranddimer mutants E-cadherin W2A and cadherin-6 W4A are plotted for comparison (yellow traces). Calculated K D values for dimerization of all proteins are displayed in Table 2 .
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In contrast, the X-dimer mutant (K14E, Fig. 5b ) sedimented as two distinct species at S ~ 1.5 and S ~ 2.0. Analysis of a monomeric mutant E-cadherin fragment in which both strand-swapping and X-dimer formation were prevented (W2A K14E, Fig. 5 ). Therefore, whereas the wildtype protein shows sedimentation behavior characteristic of a rapidly exchanging monomer-dimer equilibrium, the X-dimer mutant K14E exhibits a slowly exchanging equilibrium in which little interconversion between monomers and dimers occurs. We confirmed these findings using size-exclusion chromatography. We passed wild-type and K14E mutant E-cadherin EC1-EC2 fragments through an analytical Superose 12 column under identical conditions at several concentrations spanning the K D for homodimerization. Mirroring the velocity AUC results, wild-type protein eluted as a single peak whereas X-dimer mutant K14E eluted in two distinct peaks representing monomer and dimer (Fig. 5c,d) . The position of the wild-type peak was intermediate between the monomer and dimer peaks of K14E and moved toward the monomer size at lower protein concentration, as predicted for a dynamic equilibrium in rapid exchange. The K14E monomer and dimer peaks eluted at the same position at all concentrations of protein, as expected for a slow equilibrium, with dimer becoming more highly represented at higher concentrations (~160 µM, blue trace in Fig. 5d ). Similar experiments with cadherin-6 also showed that wild-type protein eluted as a single peak, whereas the X-dimer mutant (M188D) eluted as distinct monomer and dimer peaks (Fig. 5e,f) .
Together, the velocity AUC and gel-filtration experiments provide clear evidence of slowed exchange between monomer and dimer in X-dimer mutants of E-cadherin and cadherin-6.
Structures of X-dimer mutants
To confirm that the X-dimer mutations interfered only with X-interface formation and did not affect other structural elements, we determined the structure of the E-cadherin K14E mutant at 2.0-Å resolution. The structure showed a single cadherin molecule in the asymmetric unit, with strand-swapped dimers formed between symmetry-related protomers (Fig. 6a) . The strand-swapped dimer is essentially indistinguishable from that found in wild-type structures (Fig. 6b and refs. 6,7) , with an r.m.s. deviation of 1.9 Å over 407 Cα atoms aligned with the wild-type structure 6 (PDB 1Q1P) and 1.1 Å when the comparison a r t i c l e s is restricted to the 32 residues comprising the strand-dimer interface. The mutated residue (Glu14, cyan in Fig. 6a ) is solvent exposed far from the dimer interface, and its side chain engages neither in internor intramolecular interactions. Calcium ion binding in the junction between EC1 and EC2 is identical to that seen in structures of wild-type E-cadherin 6, 7 , showing no interference from the mutated residue (Fig. 6c) . Diffracting crystals of the cadherin-6 X-dimer mutant, M188D, could not be obtained. Nonetheless, the high-affinity binding of this mutant in AUC experiments ( Fig. 4j and Table 2 ) argues against unintended direct effects on the strand-dimer interface.
We also determined the structure of a double mutant of E-cadherin in which both strand-swapping and X dimerization were prevented (E-cadherin W2A K14E). The 2.5-Å structure showed neither strandswapped dimers nor X dimers in the crystal lattice ( Supplementary  Fig. 6 ). This structure confirms that the K14E mutation prevents X-dimer formation, even in the high protein concentrations reached in crystallization experiments. In addition, AUC experiments with the W2A K14E double mutant confirm that it is monomeric in solution, as is the equivalent double mutant (W4A M188D) of cadherin-6 ( Table 2) .
Together, the E-cadherin mutant structures support the AUC data showing that the thermodynamics of strand-swapping are unaffected by the K14E mutation, and they confirm that its sole structural consequence is failure of the X-dimer interface. We tested other cadherin mutants to confirm our interpretation. The X dimer-inhibiting mutation Y142R was targeted to the EC2-side of the interface. Notably, this mutant showed biophysical behavior indistinguishable from K14E in SPR, AUC and size-exclusion experiments, supporting our interpretation (Supplementary Fig. 7a-d, Table 2 and data not shown). We also tested a more conservative substitution mutant in which Lys14 was mutated to serine (K14S). This mutant displayed homophilic binding behavior in SPR assays intermediate between wild-type and K14E mutant protein (Supplementary Fig. 7e-g ), consistent with the less severe mutation. Similar to other X-dimer mutants, equilibrium AUC revealed wild-type binding ( Table 2) .
X-dimer mutations prevent cadherin-mediated cell aggregation
Having observed that specific mutation of the X-dimer interface abrogated cadherin binding in SPR assays without substantially lowering dimerization affinity, we set out to determine whether these mutations would prevent cell aggregation when introduced into full-length cadherins expressed on the surface of transfected cells.
We transfected Chinese hamster ovary (CHO) cells with either wild-type E-cadherin, E-cadherin with an X-dimer mutation (K14E) or E-cadherin with a strand-swapping mutation (W2A). We established clonal cell lines of each, and wild-type and K14E transfectants expressed comparable levels of cadherin on the cell surface by immunofluorescence staining (Fig. 7) using permeabilized (Fig. 7c,g ) and nonpermeabilized cells (Fig. 7d,h ). Surface expression of the W2A mutant was somewhat lower (Fig. 7k,l) .
We assessed cell aggregation of these transfectants using a longterm aggregation assay in which we incubated dissociated cells for 24 h with constant rotary shaking and then viewed the cells under an inverted microscope 9, 29, 30 . Cells expressing wild-type E-cadherin showed extensive aggregation in these conditions (Fig. 7a) . The aggregation was calcium dependent, becoming undetectable when we chelated calcium ions with EDTA (Fig. 7b) .
In contrast, cells expressing the X-dimer mutant (K14E) showed no detectable aggregation under the same conditions (Fig. 7e) ; results were indistinguishable from assays performed in the absence of calcium (Fig. 7f) or with cells expressing the strand-swapping mutant (W2A, Fig. 7i,j) . These results were unexpected, given our structural and biophysical data showing that the K14E mutant forms adhesive strand-swapped dimers with an affinity equal to that of wild-type protein, albeit with slower kinetics.
We reasoned that the shear forces between cells introduced by rotary shaking in our assay may make aggregation unusually sensitive to slower binding kinetics. We therefore performed a 'hangingdrop' assay in which we allowed cells to aggregate without shaking in a droplet of culture medium suspended from an inverted cover slide 31 . However, even under these conditions, only the wild-type protein mediated cell aggregation, whereas cells expressing the X-dimer mutant were indistinguishable from parental CHO cell controls (Supplementary Fig. 8) .
Together, the cell-aggregation assays suggest that specific mutation of the X-dimer interface renders E-cadherin incapable of mediating cell-cell adhesion sufficient to aggregate cells. In combination with the biophysical data described above, this suggests that cadherinmediated adhesion in a cellular context may be dependent in part on efficient kinetics of adhesive dimer formation.
DISCUSSION
Although the strand-swap mechanism of classical cadherin adhesion has been known for some time, certain aspects of binding have remained unclear, in part due to seemingly disparate results from early structural studies. The first crystal structures from a cadherin ectodomain region, the EC1 domain of N-cadherin, revealed a strandswapped dimer configuration 8 . Soon thereafter, the structure of a two-domain EC1-EC2 fragment from E-cadherin was determined 20 , yet this structure revealed a different dimer-the configuration that we refer to here as an X dimer. These configurations represent the founding members of two classes of cadherin ectodomain structures, for which examples of each have followed since. Strand-swapped dimers have been found in type I cadherin ectodomain structures for E-cadherin, N-cadherin and C-cadherin as well as for the ectodomains of type II cadherins 8, 11 and MN-cadherin [5] [6] [7] [8] [9] . Prior to the work reported here and in the accompanying paper on T-cadherin 22 , X-dimer configurations had been found for two different crystal forms of EC1-EC2 constructs of E-cadherin 20, 21 . Why do adhesive domains from classical cadherins sometimes form strand-dimer structures and sometimes X dimers? In their wild-type forms, both type I E-cadherin and type II cadherin-6 adopt strand-swap dimer configurations, but our results show that mutations that impair strand-swapping in either of these proteins lead to adoption of the X-dimer form. In retrospect, the configurations adopted in previously determined X-dimer structures of E-cadherin can be attributed to the presence of one or two large residuesmethionine or Met-Arg-preceding the natural N terminus 20, 21 . Other multidomain fragments of classical cadherins with native N termini, or with single smaller residue substitutions or additions, yielded crystal structures in the strand-swapped dimer form [5] [6] [7] 9 . One N-cadherin EC1-EC2 structure we reported 17 had a wild-type N terminus but revealed a monomeric form in crystals, which formed at pH 5.0 in the presence of uranyl acetate. However, we have now redetermined this structure using less harsh crystallization conditions, and we found that this molecule also forms a strand-swapped dimer (Supplementary Fig. 9 ).
Experiments reported here show that the presence of extra N-terminal residues impedes adoption of the strand-swapped structure, lowers dimerization affinity and yields an X-dimer structure. Similarly, other E-cadherin mutants designed to interfere with strandswapping-W2A (substitution of the Trp2 anchor residue) and E89A (which ablates a salt bridge that stabilizes swapping)-form X dimers and have interaction affinities that are weaker than that of wild-type protein ( Table 2) . Similar results are found for the type II cadherin-6: a designed strand-swapping mutation targeting one of the tryptophan anchor residues yields a protein with weaker dimerization affinity that adopts an X-dimer structure. It is noteworthy that, despite substantial structural differences in the strand-exchanged dimer interfaces in type I and type II cadherins 9 , the X-dimer structures formed by their strand swap-incompetent mutants are clearly similar (Supplementary Text and Supplementary Figs. 1-4) .
In a recent NMR study of the EC1 domain of the type II cadherin-8, we discussed two possible mechanisms for the formation of the swapped dimer 32 . One involves a pre-existing equilibrium, or selective fit mechanism, where only collisions between monomers with both strands in an 'open' conformation 33 lead to dimerization. In the other, monomers in the 'closed' conformation form an initial encounter complex, and subsequently, strand-swapping occurs. Although the EC1 fragments used in the NMR study showed only very weak dimerization at physiological pH, under conditions of low pH, around 3% of the monomers were shown to be in an open conformation, suggesting the possibility for a selective fit mechanism at least for these single-domain fragments. However, the data are also consistent with an encounter complex mechanism though which two monomers would stay bound long enough for strand-swapping to occur, a model clearly favored by our current results.
Our data define an encounter complex mechanism where the X dimer is an intermediate along the path to the formation of a strand-swapped dimer (Fig. 8) . First, the binding affinity of the X dimer is lower than that of the swapped dimer, as required by such a model. Second, mutations that compromise X-dimer formation inhibit swapped dimer formation in short-time frame experiments but do not affect the affinity of the swapped dimer in long-time frame experiments. We acquired the equilibrium AUC data reported here over the course of ~20-h centrifuge runs, over which time a stable thermodynamic equilibrium can be established. Notably, in these experiments, X-dimer mutants of both E-cadherin (K14E) and cadherin-6 (M188D) behave almost indistinguishably from wildtype protein (Fig. 4i,j) , showing that these mutations, as predicted from the structures, do not interfere substantially with the final thermodynamic equilibrium of binding. Similarly, crystallization experiments with the K14E mutant, over the course of days, revealed strand-swapped dimers identical to that of wild-type protein (Fig. 6) . However, results from SPR experiments, in which binding must take place over much shorter time periods (~1 min), revealed no adhesive binding for these mutant proteins (Fig. 4) . This difference in behavior between long-time frame AUC experiments and short-time frame SPR experiments provides strong evidence in support of our hypothesis. Size-exclusion chromatography and velocity AUC experiments confirm that the kinetics of monomer-dimer exchange are slowed in these mutants (Fig. 5) . Together, these data strongly suggest that the X dimer enhances the kinetics of association and dissociation of the swapped adhesive dimer. A final line of evidence is that the structure of the X-dimer itself is highly suggestive of its role as an intermediate, as the A*-strands of partner molecules are positioned adjacent to one another as if poised to swap. Although the X-dimer affinities are relatively weak, they bury substantial interfacial area. Thus, it is reasonable to expect that the X dimer has a long enough lifetime to allow the two A*-strands to swap before dissociation. In a recent single-molecule optical study published while this manuscript was under review, it was found that E-cadherin EC1-EC5 ectodomains containing the W2A mutation were able to form weak Ca 2+ -dependent encounter complexes in which EC1 domains are in close proximity 34 . These findings are in close agreement with the data presented here, which now identify the X dimer as the encounter complex.
It is thought that tissue patterning mediated by cadherins depends, at least in part, on differential binding between different cadherin family members [35] [36] [37] [38] . The work presented here suggests that, in principle, such specificity could arise either from thermodynamic differences in binding energy or from differences in binding kinetics. Cell-aggregation assays (Fig. 7) show that cell adhesion, under the conditions we tested, critically depends on X-dimer function. Therefore, cadherins with mismatched X-dimer interfaces might not be expected to dimerize by strand-swapping, providing a potential a r t i c l e s means for specificity. However, we recently showed that heterophilic binding between N-and E-cadherin is measurable in SPR assays 25 . As these short-time frame assays are very sensitive to failure of X-dimer formation (see above), the findings effectively rule out the existence of strict selectivity at this level. Nonetheless, the functional roles of kinetic and thermodynamic processes in the binding specificity of cadherins in vivo remain undetermined.
The discovery of a possible intermediate in the kinetic pathway leading to strand-swapping in classical cadherins, which also appears to mediate adhesion in T-cadherin 22 , suggests a potential role for the X-dimer interface in the evolution of strand-swapping in cadherins. Because strand-swapping that is rapid enough to drive cell adhesion appears to require the positioning function of an X dimer, it is likely that this interface was a prerequisite for the evolution of strand-swapped dimers. It is possible that some extant branches of the cadherin family that diverged from the classical cadherins before strand-swapping arose may use the X-dimer interface as their primary adhesive mechanism.
T-cadherin is unlikely to represent a 'pre-swapping' cadherin. Although T-cadherin is a family outlier in that it is 'truncated' by the absence of transmembrane and cytoplasmic domains, it is a close relative of classical cadherins. Phylogenetic analysis and conserved exon boundary positions suggest that classical and T-cadherins diverged relatively recently subsequent to a gene-duplication event 3, 39 . When residue sequence identities over the entire ectodomain are compared, T-cadherins are more similar to type I classical cadherins than are the type II or desmosomal cadherins. As these latter two subfamilies are known or are predicted to swap, respectively, this implies that T-cadherin may have branched from the classical cadherins after the emergence of strand-swapping and the divergence of the type I, type II and desmosomal cadherins. Thus, T-cadherin may have lost its strand-swap binding function and reverted to the intermediate X-dimer configuration.
In several branches of the cadherin superfamily, the sequence determinants thought to be required for strand-swapping are not conserved, including a shortened A-strand, tryptophan at position 2 and a glutamate that forms a salt bridge with the N terminus of the swapped strand 2 . Nonclassical cadherins, such as the clustered and nonclustered protocadherins and all invertebrate cadherins, do not possess these features in their EC1 domains, which are more closely related to classical cadherin domains EC2-EC5. Consequently, the dimerization mechanisms of these cadherins remain unknown. The possibility remains that some of these cadherins may use X dimers to achieve their adhesive function.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. Accession codes. Protein Data Bank: Coordinates for mouse E-cadherin EC1-EC2 wild-type, W2A, Ala-Ala extension, E89A, K14E and W2A K14E, mouse N-cadherin EC1-EC2 and mouse cadherin-6 W4A have been deposited with accession codes 2QVF, 3LNH, 3LNG, 3LNI, 3LNE, 3LNF, 2QVI and 3LND, respectively.
